The design and synthesis of a new linker unit to enable uniform and robust immobilization of organic functional molecules onto silica supports is described. This linker unit can prevent leaching of grafted organic functional moieties from the support. The tripodal linker unit was applied to the preparation of mesoporous silica-immobilized amino-palladium and phosphino-palladium complex catalysts for the Suzuki-Miyaura coupling reaction of aryl bromides and aryl chlorides. Catalysts including the tripodal linker displayed better catalytic activities and less palladium leaching than catalysts including a conventional trialkoxy-type linker.
Introduction
Immobilization of metal complex catalysts via linkers such as trimethylene bridge on silica supports is a promising strategy to facilitate the separation of catalysts from reaction mixtures as well as for catalyst recycling 1) , whereas elimination of metal fragments from immobilized ligands and cleavage of the bond between the ligand and support may result in leaching of the metal and/or ligand 2) . Use of ligands with strong σ-donating ability 3) or chelating ligands 4) effectively resolves the former problem, but few attempts have been made to design an organic linker for strengthening the ligand-support bonds.
Covalent anchoring of organic functional groups onto silica via condensation of trialkoxysilanes with surface silanol groups should result in linkage through three siloxane bridges. However, monopodal and/or bipodal anchoring becomes predominant 5) (vide infra) depending on the silanol density. Moreover, any residual alkoxy groups occasionally react with unreacted trialkoxysilanes to generate complicated species on silica 6) . The present study proposes that tripodal linking would be achieved if the Si _ O _ Si linkages are formed at three independent silicon atoms. The design and synthesis of a new linker unit are described, which can be tightly bound to silica by condensation of up to three allylsilyl 7) or alkoxysilyl groups in the linker unit with silanol groups. This new linker unit acts as a rigid scaffold to prevent grafted organic functional moieties from leaving the support. 8) The new linker compound containing three allylsilyl moieties (1a) was easily prepared in a one-pot process by iridium-catalyzed hydrosilylation of triallyl(3-bromopropyl)silane with dimethylchlorosilane and s u b s e q u e n t t r e a t m e n t o f t h e r e s u l t i n g tris(dimethylchlorosilyl) compound with an allyl Grignard reagent. Another linker compound containing three isopropoxy groups (1b) was prepared using isopropanol and triethylamine instead of Grignard reagent in the second step (Scheme 1). Both 1a and 1b could be easily purified by silica gel column chromatography at room temperature without decomposition. In contrast to the most commonly used trimethoxy-or triethoxysilanes, which are easily hydrolyzed and subsequently condensed to the corresponding siloxane compounds, 1b was relatively stable under hydrolytic conditions.
Design and Synthesis of New Linker Units
Reaction of 1a or 1b with FSM-type ordered mesoporous silica (TMPS-4) 9) in heptane at reflux for 24 h formed bromopropyl-modified silica 2a and 2b derived from 1a and 1b, respectively. The amounts of organic moieties in 2a and 2b determined by elemental analysis of carbon were 0.33 mmol/g and 0.38 mmol/g, respectively. Figure 1(A) shows the 29 Si cross polarization magic angle spinning (CP-MAS) spectrum of modified silica 2b. The two signals at δ 2 and 14 ppm corresponded to one tetraalkyl-coordinated silicon atom and three trialkylmonooxygen-coordinated silicon atoms in 2b, respectively 10) , clearly demonstrating that, as expected, 1b is grafted onto the silica surface via three covalent Si _ O _ Si bonds. 13 C CP-MAS spectroscopy further confirmed the successful grafting of 1b. The chemical shifts observed in the 13 C CP-MAS spectrum of 2b agreed well with those in the 13 C nuclear magnetic resonance (NMR) spectrum of 1b in CDCl3 except that the signals of the leaving isopropoxy groups disappeared in the CP-MAS spectrum (Figs. 1(B) and 1(C) ). Modified silica 2a had 29 Si and 13 C CP-MAS spectra similar to Figs. 1(A) and 1(B) 8) . These observations support the proposed structure of silicas 2a and 2b. Therefore, the linker compounds containing a bromopropyl group were successfully grafted onto the silica surface in a well-defined uniform manner.
Stability tests were used to confirm the effectiveness of the present linker unit in minimizing leaching of organic moieties from the silica support. For comparison, chloropropyl-modified silica 3, which includes one Si _ O _ Si bond, and modified silica 4 using conventional trialkoxysilane were prepared.
29 Si CP-MAS spectroscopy of the distribution of species bound via one, two, or three siloxane bridges to silica (T 1 , T 2 , and T 3 ) in 4 revealed that T 2 is the major species (Fig. 2) . Stability tests were performed by treating modified silica with water at 80 for 48 h, and then measuring the remaining organic moieties on silica using carbon elemental analysis. Table 1 summarizes the results. About half of the organic moieties in 3 and 4 were lost by water treatment. In contrast, only 6 % of the organic moieties in 2a were lost. This difference was further Si CP-MAS spectra of 2a and 4 before and after water treatment. The 29 Si CP-MAS spectrum of 4 after water treatment showed total disappearance of the T 1 peak and reduction of the T 2 peak. In contrast, the 29 Si CP-MAS spectra demonstrated no significant changes in the organosilane region of 2a after water treatment (Fig. 2) . These results indicate that grafting of the present linker unit via three isolated Si _ O _ Si bonds is highly stable even under severe hydrolytic conditions.
Application of the Tripodal Linker Unit to the Immobilization of Palladium Amine Complex Catalysts on Mesoporous Silica Supports

1. Suzuki-Miyaura Reaction of Aryl Bromides with Immobilized Palladium Catalysts
The Suzuki-Miyaura reaction is a powerful and versatile tool for synthesizing organic compounds that can be utilized as organic electronic materials or intermediates for pharmaceuticals and agricultural chemicals 10) . Previous research has focused on the development of silica-supported palladium complexes or palladium nanoparticle catalysts for the Suzuki-Miyaura coupling reaction 11) , but more efficient and recyclable catalysts are needed for this important reaction.
2. Preparation and Characterization of Aminofunctionalized Silica
The structures of the organic-functionalized silica materials used in this study are summarized in Fig. 3 .
The 3-bromopropyl-functionalized silica material 2b, onto which the tripodal linker unit was grafted, w a s p r e p a r e d f r o m 3-b r o m o p r o p y l t r i s - [3 -(dimethylisopropoxysilyl) propyl]silane and meso porous silica (TMPS-4), as described above. The effect of the linker structure on the catalytic performance was evaluated by comparison with 3-bromopropyl silica 8 that had been functionalized using conventional triethoxysilane. The organic contents in 2b and 8 were determined by carbon elemental analysis to be 0.42 mmol/g and 0.76 mmol/g, respectively. Subsequent treatment of 2b and 8 with methylamine in THF converted the bromo groups in 2b and 8 into methylamino groups to yield the amino-functionalized silica materials 5 and 9, respectively. Amination of 2b with dimethylamine and N,N-dimethylethylenediamine gave the aminofunctionalized silica materials 6 and 7, respectively. The bromine contents of amino-functionalized silica samples 5-7 and 9 were less than 0.1 wt% according to bromine analysis, indicating quantitative conversion of the bromo groups in 2b and 8 into amino groups on the silica surfaces. Table 2 lists the organic content of the materials 2b-9. The organic contents in 5-7 and 9 were quantified by nitrogen elemental analysis. Amination of 2b to give 5-7 reduced the organic content to slightly from 0.42 to 0.40-0.31 mmol/g, whereas amination of 8 to give 9 significantly reduced organic content from 0.76 to 0.48 mmol/g 12) . Therefore, tripodal linking was highly effective for minimizing leaching of organic groups from the silica surface during functional group transformation.
The successful transformation of the bromo group in 2b into a methylamino group was confirmed by 13 C CP-MAS spectroscopy. spectra of 2b and 5. Carbon atom "a" in 5 exhibited approximately the same chemical shift as in 2b, whereas conversion of the bromo group into a methylamino group shifted the peak corresponding to the β-carbon (atom "b") of the bromopropyl group in 2b (δ 27 ppm) upfield to around δ 21 ppm (overlapping with carbon atom "e") in 5. Carbon atom "c" was also shifted slightly upfield after amination. The nitrogen adsorption/desorption isotherms of 2b-9 showed type IV sorption curves that are typical of meso porous structures. Table 2 displays the textural data. Grafting of the bulky tripodal linkers reduced the pore volume from 1.46 to 1.07 cm 3 /g and reduced the average pore size from 3.8 to 3.3 nm, whereas subsequent amination minimally affected the pore volume and pore size. 3-Bromopropyl functionalization decreased the specific surface areas, but 5-7 and 9 maintained high surface areas ( 790 m 2 /g). 3. 3. P r e p a r a t i o n a n d C h a r a c t e r i z a t i o n o f Palladium Catalysts Immobilized amino-palladium complex catalysts were prepared by reacting amino-functionalized silicas 5-7 and 9 with palladium acetate in THF at room temperature. After the reaction, the solid product was filtered, washed with THF, and dried in vacuo at 80 . To investigate the effect of the molar ratio between the amino ligand and palladium on the catalytic performance, catalysts 5 and 9 with different palladium loadings (ligand-to-Pd molar ratios of 1 : 1, 3 : 1, or 6 : 1) were prepared by varying the concentration of Pd(OAc)2 in the THF solution. Palladium catalysts were named as MPd-n, where M and n are the types of amino-functionalized silica and the molar ratio between the amino ligand and palladium, respectively. The palladium concentration in the filtrate from the catalyst preparation was measured by inductively coupled plasma-optical emission spectrometry (ICP-OES). The filtrates obtained from the reaction of aminofunctionalized silicas 5 and 9 with palladium acetate at the 1 : 1 ligand-to-Pd molar ratio contained 21.9 % and 24.8 % unreacted Pd(OAc)2, respectively. Consequently, the actual ligand-to-Pd molar ratios in these catalysts were 1.28 : 1 and 1.33 : 1, respectively (5Pd-1.3 and 9Pd-1.3, respectively). Preparation of the other catalysts yielded palladium concentrations in the filtrates that were less than the detection limit of ICP-OES analysis. Therefore, 5Pd-3, 5Pd-6, 6Pd-6, 7Pd-6, 9Pd-3, and 9Pd-6 contained virtually all of the added palladium.
The mesoporosities of catalysts 5Pd-n to 9Pd-n were measured by nitrogen adsorption/desorption (Fig. 5) . All catalysts exhibited type IV isotherms, confirming that the mesoporous structure was retained after palladium loading. Therefore, the mesopores were not plugged by formation of palladium nanoparticles. Table 3 summarizes the compositions and surface characteristics of the catalysts. The pore volume and pore size were nearly unchanged before and after palladium loading. The changes in the specific surface areas were also small.
To explore the local structure of palladium on aminofunctionalized silica, Pd K-edge extended X-ray absorption fine structure (EXAFS) measurements were performed. Figure 6 shows the Fourier transforms (FT) of the k 3 -weighted EXAFS spectra for the catalysts 5Pd-n and reference materials, including tetraamminepalladium(II) chloride, Pd(OAc)2, and Pd foil. The phase shift was uncorrected, so the radial distance (r) from a palladium atom, as shown in Fig. 6 , was shifted from the actual bond distance. The peak of around 2.5 Å (1 Å 10 -10 m) in the spectrum of the Pd foil, assigned to scattering from the nearest neighbor 144 J. Jpn. Petrol. Inst., Vol. 58, No. 3, 2015 palladium atoms in a metallic palladium cluster, was not observed in the spectra of 5Pd-1.3, 5Pd-3, and 5Pd-6. The FT profiles of these samples were similar to those of [Pd(NH3)4]Cl2 and Pd(OAc)2, which contain isolated palladium atoms with a square planar PdE4 (E N or O) structure and Pd _ E distance of 2.02 Å or 2.03 Å, respectively 13) . The parameters associated with the phase shift function and backscattering amplitude of Pd _ N are similar to those of Pd _ O, so that curve-fitting analysis of the EXAFS spectra cannot distinguish between nitrogen and oxygen coordinated to palladium. Curve-fitting analysis of the first shell in the FT of EXAFS for the catalysts 5Pd-n to 7Pd-6 was carried out using parameters for Pd _ N scattering extracted from [Pd(NH3)4]Cl2 ( Table 4 ). The optimum fit results for 5Pd-n _ 7Pd-6 were 3.5-3.7 for coordination number (CN) and around 2.02 Å for distance (r). These results indicated that palladium was most likely surrounded by four nitrogen and/or oxygen atoms, so the palladium was present on the amino-functionalized silica surfaces 5-7 as palladium complexes, without aggregating to form palladium particles.
4. Catalysis of the Suzuki-Miyaura Coupling
Reaction of Aryl Bromides 14) The catalytic activities of the prepared silicaimmobilized amino-palladium complexes were investigated for the Suzuki-Miyaura coupling reaction between aryl bromides and phenylboronic acid to give the corresponding biaryls (Scheme 2). Initially, the effect of the type of amino group on the catalytic activity was investigated using the catalysts 5Pd-6, 6Pd-6, and 7Pd-6 for the reaction between 4-bromobenzoic acid ethyl ester and phenylboronic acid ( Table 5 ). The reaction was conducted in toluene at 100 for 3 h, using potassium carbonate as a base. The quantity of catalyst was adjusted to 0.05 mol% with respect to the palladium content. 5Pd-6, which included a secondary amine ligand, gave a higher yield than 6Pd-6, which included a tertiary amine (entries 1 and 2). The chelating ligand-containing catalyst 7Pd-6 showed low cata-145 J. Jpn. Petrol. Inst., Vol. 58, No. 3, 2015 The isotherms are offset vertically, from 5Pd-3 to TMPS-4. lytic activity. Therefore, further investigation focused on the 5Pd-n series. 5Pd-6 gave the product in good yield, even at short reaction times of 0.5 h. Additionally, good yields were obtained even using less reactive electron-rich aryl bromides, such as 4-bromoanisole or 4-bromotoluene (entries 5 and 6).
Suzuki-Miyaura coupling reactions in the presence of supported palladium catalysts proceed via both homogeneous and heterogeneous mechanisms 11) . The active species of the Suzuki-Miyaura reaction catalyzed by 5Pd-6 was investigated by hot filtration experiments. Immediately after the reaction between 4-bromobenzoic acid ethyl ester and phenylboronic acid in toluene at 100 for 3 min, the solid components, including the catalyst, were removed by filtration under hot conditions. The yield of the corresponding biaryl in the filtrate was 14 %, as determined by gas chromatograph (GC) analysis. Subsequently, fresh reagents (phenylboronic acid and potassium carbonate) were added to the filtrate, and the mixture was stirred at 100 for 3 h in the absence of the solid-phase catalyst. Further reaction then proceeded to form the product in 79 % yield, strongly suggesting that homogeneous catalysis due to dissolved palladium species from 5Pd-6 was very important in the present Suzuki-Miyaura coupling reaction. ICP-mass spectrometer (MS) analysis of the filtrate obtained by hot filtration disclosed that 5 % of the palladium atoms in 5Pd-6 were eluted. In contrast, the palladium leaching level in the filtrate obtained by filtration at room temperature after 2 h of the reaction was only 0.098 % (vide infra), indicating that the dissolved palladium species effectively re-deposited back onto the amino-functionalized silica support during cooling of the reaction mixture to room temperature, after completion of the reaction. Palladium can be re-deposited after the aryl halide is consumed in the Suzuki-Miyaura coupling 15) . On the basis of these observations, the order of activity among catalysts with different amino ligands (5Pd-6 6Pd-67Pd-6) ( Table 5 ) seems to reflect the degree of palladium dissociation from the palladium complexes immobilized on the silica support.
The effects of the linker structure on the catalytic activity, palladium leaching, and catalyst recyclability were assessed using the 5Pd-n and 9Pd-n series. All fresh catalyst samples gave good yields after reaction for 2 h for the Suzuki-Miyaura coupling of 4-bromobenzoic acid ethyl ester and phenylboronic acid ( Table 6) . After the reaction, the reaction mixture was cooled to room temperature, the catalyst was separated by filtration, and the extent of palladium leaching into the reaction solution was determined by ICP-MS. All catalysts showed relatively low levels of palladium leaching (below 1 % of the initial Pd content). The leaching level of 5Pd-n (0.098-0.13 %) was lower than that of 9Pd-n (0.22-0.81 %) for each ligand-to-Pd ratio. Although the tripodal linker of 5Pd-n did not inhibit decoordination of palladium from the methylamino ligand, firm immobilization of the amino ligand via the tripodal linker most likely effectively prevented desorption of the amino-palladium complex from the silica support (cleavage of the Si _ O _ Si linkage) during the Suzuki- 5Pd-6 CN 0.5 100 a) Reaction conditions: aryl bromides (3.0 mmol), phenylboronic acid (3.3 mmol), K 2 CO 3 (6.0 mmol), catalyst (0.05 mol% Pd), toluene (3 mL), 100 . b) Determined by GC analysis using 4-t-butyltoluene as an internal standard. Miyaura coupling reaction. In addition, adequate numbers of the amino ligand remained available on the silica support to recapture dissolved palladium species after completing the reaction due to the tripodal anchoring (vide infra). Recyclability of 5Pd-n and 9Pd-n was assessed by performing the reaction between 4-bromobenzoic acid ethyl ester and phenylboronic acid, removing the reaction supernatant via centrifugation and decantation, and recharging the reaction tube with the substrates, base, and solvent, to allow the reaction to proceed again. The catalyst recycling experiments were initially conducted using only small amounts of catalyst (0.05 mol% palladium) to emphasize any effects of catalyst deterioration throughout the reaction-recycling process. Figure 7 shows the time courses of the repeated reactions. Although the catalytic activities were similar for the fresh catalysts, obvious differences in the reaction rate were observed in the second and third runs, as shown in Table 6 . The recyclability of 5Pd-n and 9Pd-n critically depended on the ligand-to-Pd ratio. Catalysts with higher ligand-to-Pd ratio showed better recyclability. This observation might be explained by the different degrees of stabilization of amino-palladium complexes, which are the precursors of the soluble palladium species, by the presence of excess amino ligand. The linker structure also considerably affected the catalyst recyclability. Replacing the conventional trialkoxy-type linker (9Pd-n) with the tripodal-type linker (5Pd-n) improved the recyclability at all ligand-to-Pd ratios. The most significant difference in recyclability was observed between 5Pd-1.3 and 9Pd-1.3, with an unfavorable ligand-to-Pd ratio. This difference could not be explained by the loss of palladium due to leaching because the second runs of 5Pd-1.3 and 9Pd-1.3 were expected to contain 0.0499 and 0.0496 mol% palladium, respectively, based on the the palladium leaching measurements ( Table 6 ). Figure 8 displays the scanning transmission electron microscope (STEM) images of fresh 5Pd-1.3 and 9Pd-1.3 as well as recovered 5Pd-1.3 and 9Pd-1.3 after the first catalytic run. Aggregated palladium metal particles were not observed in the STEM images of fresh 5Pd-1.3 or 9Pd-1.3, consistent with the results of EXAFS analysis. In contrast, palladium nanoparticles were found in used 5Pd-1.3 and 9Pd-1.3 (Figs. 8(c) and  8(d) ). The average size of the palladium particles in 147 J. Jpn. Petrol. Inst., Vol. 58, No. 3, 2015 , toluene (3 mL), 100 , 2 h. b) Determined by GC analysis using 4-t-butyltoluene as an internal standard. c) Determined by ICP-MS as a percentage of the initial Pd content.
The yields after 2 h are presented in the right side of the plots.
Fig. 7 Time Courses for Repeated Suzuki-Miyaura Coupling Reactions between 4-Bromobenzoic Acid Ethyl Ester and Phenylboronic
Acid Using the Catalysts 5Pd-n and 9Pd-n used 9Pd-1.3 (ca. 4-10 nm) was clearly larger than that in used 5Pd-1.3 (ca. 1-2 nm). These results suggest that catalyst deactivation is attributable to the deposition and aggregation of the palladium species to form clusters and inactive large particles on the silica surface 16) . Presumably the better recyclability of 5Pd-1.3 is associated with less formation of palladium metal particles on the silica surface during the reaction. Firm immobilization of the amino ligand via the tripodal linker should maintain the number of ligands available to stabilize the palladium complexes, which are precursors of soluble active palladium species, and thus prevent the formation of palladium metal particles on the silica surface during the re-deposition process. Another possibility is that highly dispersed amino-palladium complexes easily produced active palladium species with high catalytic activities for the Suzuki-Miyaura coupling. The bulky scaffold of the tripodal linker should inhibit agglomerated grafting of organic functional groups on the silica surface, so the tripodal linker in 5Pd-n is expected to effectively isolate the attached amino groups, so maintaining the separation between the metal centers. Consequently, the tripodal linker unit preserved the highly dispersed state of the amino-palladium complexes, leading to improved recyclability of 5Pd-n.
Palladium Phosphine Complex Immobilized on S i l i c a via a Tr i p o d a l L i n ke r U n i t fo r t h e C a t a l y s i s o f S u z u k i -M i y a u r a C o u p l i n g Reactions of Aryl Chlorides
17)
4. 1. Background of the Suzuki-Miyaura Reaction of Aryl Chlorides Over the last decade, studies of coupling reactions have focused on the use of aryl chlorides as substrates, which are readily accessible and inexpensive but much more difficult to activate than aryl bromides or aryl iodides. Soluble palladium complexes with electronrich and bulky phosphine ligands have been widely and commonly used as catalysts for coupling reactions involving aryl chlorides 18) . However, these reactions tend to suffer from certain problems. Homogeneous catalysts are generally associated with the problem of separation of the catalyst from the reaction mixture. Electron-rich phosphine ligands and their palladium complexes tend to be air-sensitive, so can be difficult to handle, and are also difficult to reuse after reaction. Therefore, development of practical immobilized aryl chloride coupling catalysts with low susceptibility to oxidation would be very advantageous.
Previous investigations of immobilized SuzukiMiyaura coupling catalysts for aryl chlorides have mainly focused on modifying the ligand structures of the palladium complexes, using bulky electron-rich phosphines, palladacycles, and N-heterocyclic carbenes, similar to the approaches used to develop homogeneous catalysts 19) . The present study adopted a different catalyst design strategy for promoting aryl chloride coupling reactions. The immobilized catalysts could be remarkably improved by modifying the structure of the linker connecting the palladium complex to the silica support. Even use of a simple alkyldiphenyl phosphine ligand achieved such results. Unlike most electronrich phosphines, alkyldiphenyl phosphines are not very air-sensitive and can be easily handled.
2. Preparation and Characterization of the
Palladium Catalysts The structures of the organic-functionalized silica materials used in this study are summarized in Fig. 9 . The diphenylphosphino-functionalized silica 10a, which included the tripodal linker unit, was prepared by reaction of the 3-bromopropyl-functionalized silica (2b) with KPPh2 in THF as described previously ("bottomup" method) 20) . The trimethylsilyl-capped diphenylphosphino-functionalized silica 10b was prepared by capping the residual surface silanol groups of 2b with ethoxytrimethylsilane, followed by phosphination using K P P h2. Fo r c o m p a r i s o n , d i p h e ny l p h o s p h i n ofunctionalized silica including the conventional trialkoxytype linker 11a, the trimethylsilyl-capped derivative 11b, and diphenylphosphino-functionalized silica including the conventional monoalkoxy-type linker 12 were prepared similarly using the appropriate silane coupling reagents.
Mesoporous silica-immobilized palladium phosphine complex catalysts were prepared by reacting the diphenyl phosphino-functionalized silicas 10a-12 with palladium acetate (P/Pd molar ratio 6/1) in THF at room temperature for 12 h. The resulting solid was filtered, washed with THF, and dried in vacuo at 80 for 3 h. ICP-MS analysis demonstrated that the palladium concentrations in the filtrates obtained from the catalyst preparation procedure were lower than the detection limit, and that all catalysts contained virtually all of the added palladium. These palladium catalysts are named as XPd, where X is the type of diphenylphosphino-functionalized silica. The prepared catalysts were air-and moisture-stable, so could be easily stored and handled. The preparation procedures of 10aPd and 10bPd are summarized in Scheme 3.
A mesoporous silica-supported Pd(OAc)2 catalyst SiO2Pd was prepared by impregnating mesoporous silica with a THF solution of Pd(OAc)2 at room temperature for 12 h, followed by drying in vacuo at 80 for 3 h. Table 7 summarizes the compositions and surface characteristics of the prepared catalysts. The phosphine ligand content in the silica-immobilized palladium phosphine complex catalysts determined by energy dispersive X-ray fluorescence spectrometer (EDXRF) analysis ranged from 0.29-0.33 mmol/g, and few differences between the tripodal linker and the conventional linkers (trialkoxy-and monoalkoxy-type linkers) were observed. The trimethylsilyl moiety contents of 10bPd and 11bPd, which were estimated by subtracting the amount of carbon that corresponded to the ligand moieties from the total amount of carbon measured by elemental analysis, were 0.21 mmol/g and 0.28 mmol/g, respectively. The nitrogen adsorption/desorption isotherms of all prepared catalysts indicated type IV sorption curves that are typical of mesoporous structures. Incorporation of the bulky tripodal phosphine ligands into the mesopores (10aPd and 10bPd) greatly decreased the specific surface area and reduced the average pore size.
3. Catalysis of the Suzuki-Miyaura Coupling Reaction
The prepared catalysts were mainly screened for their activities in the Suzuki-Miyaura coupling reaction of 4-chlorobenzoic acid ethyl ester and phenylboronic acid to give the corresponding biaryls (Scheme 4). The effects of the linker type on the catalytic activity were initially investigated using the catalysts 10aPd, 11aPd, and 12Pd. The reaction was conducted using potassium 149 J. Jpn. Petrol. Inst., Vol. 58, No. 3, 2015 Scheme 3 Preparation of Silica-immobilized Palladium Phosphine Complex Catalysts Including a Tripodal Linker for 3 h. The quantity of catalyst was adjusted to 0.1 mol% relative to the palladium content. The yield was higher for catalyst 10aPd (23 %), in which the palladium phosphine complex was anchored via a tripodal linker unit, than for 11aPd (13 %) or 12Pd (11 %) , which included conventional trialkoxy-or monoalkoxy-type linkers, respectively ( Table 8 , entries 1, 3, and 5). These results indicated that the linker structure significantly affected the catalytic activity, and that catalysts including the tripodal linker were more effective in promoting the reaction.
The effects of trimethylsilyl capping groups on the residual surface silanol groups were examined in the context of the catalytic activity. The trimethyl silylcapped catalysts 10bPd and 11bPd displayed better catalytic activities compared to the corresponding uncapped catalysts 10aPd and 11aPd, respectively ( Table 8 , entries 2 and 4). Figure 10 displays the nitrogen adsorption/desorption isotherms of fresh 10aPd and 10bPd as well as used 10aPd and 10bPd recovered after the reaction. The ordered mesoporous structure of the uncapped catalyst 10aPd underwent complete collapse after the reaction. In contrast, the mesoporous structure of the trimethylsilyl-capped catalyst 10bPd showed no significant changes prior or subsequent to the reaction. Thus, the positive effects of the trimethylsilyl capping groups apparently improve the durability of the silica support under the strong basic conditions of the Suzuki-Miyaura coupling reaction. The catalyst 10bPd, which included a tripodal linker, gave a much higher yield than 11bPd, which included a conventional linker, despite capping of the residual surface silanol groups with trimethylsilyl groups. This difference was presumably due to the different stabilities of the palladium phosphine complexes anchored to the silica support under the reaction conditions (vide infra).
The linker structure of the immobilized catalysts significantly affected leaching of the catalyst components from the silica support ( Table 9 ). The extent of palladium leaching was quantified by determining the palladium concentration in the reaction solution using ICP-MS analysis after filtration of the catalyst. Palladium leaching from catalyst 10bPd including the tripodal linker was below the detectable limit (corresponding to less than 0.008 % of the initial quantity of palladium present). In contrast, palladium leaching was significant from the conventional immobilized catalyst 11bPd (0.38 % of the initial quantity of palladium present). Leaching of the phosphine moieties of 10aPd or 11aPd were compared by determining the amount of phosphorous present on the fresh and recovered catalysts by EDXRF analysis. The phosphine content was similar in the recovered 10bPd and the fresh 10bPd sample, whereas the phosphine content was significantly reduced from 0.33 mmol/g in the fresh 11bPd to 0.24 mmol/g in the recovered 11bPd. These results clearly showed that tripodal linking was highly effective at minimizing palladium or phosphine leaching from the silica support during the Suzuki-Miyaura coupling reaction.
The catalysis mechanism of 10bPd was examined by hot filtration experiments. Figure 11 shows the experimental results. 4-Chlorobenzoic acid ethyl ester and phenylboronic acid were reacted at 100 over 10 min in the presence of potassium phosphate, catalyst, and 4-t-butyltoluene (internal standard) in 150 J. Jpn. Petrol. Inst., Vol. 58, No. 3, 2015 a) Reaction conditions: 4-chlorobenzoic acid ethyl ester (3.0 mmol), phenylboronic acid (3.3 mmol), K 3 PO 4 (3.0 mmol), catalyst (0.1 mol% Pd), 1,4-dioxane (3 mL), 100 , 5 h. b) Determined by GC analysis using 4-t-butyltoluene as an internal standard. Solid and open marks correspond to the adsorption and desorption branches, respectively. 1,4-dioxane, then the solid components, including the catalyst, were removed by hot filtration. The yield of the corresponding biaryl in the filtrate was 9 %, as determined by GC analysis. Fresh reagents (phenylboronic acid and potassium phosphate) were added to the filtrate, and the mixture was stirred at 100 in the absence of the solid-phase catalyst. No coupling reaction was observed to occur over 3 h, suggesting that 10bPd acted as a heterogeneous catalyst. That is, the active species involved in the coupling reaction of the aryl "chloride" were the palladium phosphine complexes tethered to the silica support, although the palladium was partially dissolved in the reaction solution during the reaction. These results contrast with the findings of the Suzuki-Miyaura coupling reaction of aryl "bromide" with immobilized amino-palladium catalyst 5Pd-6, in which homogeneous catalysis was important in the reaction due to the presence of dissolved palladium species (see section 3. 4.).
10bPd was compared with various heterogeneous or homogeneous catalytic systems for catalysis of the aryl chloride coupling reaction ( Table 10 ). The mesoporous silica-supported Pd(OAc)2 catalyst SiO2Pd was totally inactive (entry 2), whereas addition of six equivalents of diphenyl-n-propylphosphine to the reaction system led to a 17 % yield (entry 3). A mixture of Pd(OAc)2 and diphenyl-n-propylphosphine, the homogeneous counterparts to 10aPd and 10bPd, gave 28-33 % yields (entries 4 and 5). Thus, the catalytic activity of the organo-functionalized silica-based immobilized catalyst 10bPd was superior to the activities of the homogeneous counterpart or heterogeneous impregnated catalyst.
Conclusion
The design and synthesis of a new linker unit to enable uniform and robust immobilization of organic functional molecules onto silica supports was described. The tripodal linker unit was applied to the preparation of mesoporous silica-immobilized amino-palladium and phosphino-complex catalysts for the Suzuki-Miyaura coupling reaction. Compared to conventional trialkoxytype linkers, the tripodal linker has the following advantages: (i) Tripodal linking prevented leaching of grafted organic groups from the silica support during functional group transformations; (ii) Tripodal linking reduced the extent of metal leaching into the reaction solution after the catalytic reaction; and (iii) Tripodal linking improved catalyst recyclability. J. Jpn. Petrol. Inst., Vol. 58, No. 3, 2015 Pd(OAc) 2 nPrPPh2 6 : 1 33 a) Reaction conditions: 4-chlorobenzoic acid ethyl ester (3.0 mmol), phenylboronic acid (3.3 mmol), K 3 PO 4 (3.0 mmol), catalyst (0.1 mol% Pd), 1,4-dioxane (3 mL), 100 , 5 h. b) Determined by GC analysis using 4-t-butyltoluene as an internal standard. 
